crystalline hemin to permit a determination of the configuration of the porphyrin, in order to decide whether the blood heine grouping present in worms is identical with that of vertebrates.
Finally, the dissociation rate of Lumbricus and Glycera oxyerythrocruorin was compared with that of human oxyhemoglobin in the reaction meter of DuBois (3) , in order to determine the rate of dissociation of oxyhemoglobins of large and small molecular size.
E X P E R~N T A L
Erythrocruorin of Lurabricus terrestris
Preparation.--200 earth worms (about 500 gin.) were put through a meat mincer and the juice was separated from the fragments by placing the latter on cheese cloth and applying slight pressure. The minced worms were reextracted twice with 0.9 per cent NaC1 solution. The brownish red extract thus obtained was centrifuged and the supernatant fluid decanted from the gray precipitate of cell debris. The dark red, turbid solution containing the pigment was mixed with Filter-Cel and filtered through a Buehner filter. A bright red opalescent solution was obtained which was used for most of the qualitative experiments. The preparation of the erythrocmorin extract was carried out in a cold room. This solution is stable for several days, if kept in the refrigerator. Further spinning in the conical head of a laboratory centrifuge at about 3000 R.P.M. failed to produce a precipitate.
From this solution the pigment may be separated by ultracentrifugation or by salting out with ammonium sulfate. The salt was added in small portions to the solution containing the pigment until a grey precipitate was formed. The precipitate was removed by centrifugation and the procedure repeated, until fmaUy the chromoprotein itself was precipitated. The pigment was washed several times with ice cold water.
Chemical Properties.--Lumbricus erythrocruorin is soluble in water.
After standing about a week in the ice box at p H 7 in phosphate buffer the erythrocruorin solution turns brown and the ferrierythrocrnorin band appears at 645 m~. After the addition of sodium hydrosulfite (Na~S204) the ferriband disappears. If the solution is then saturated with oxygen, strong oxyerythrocruorin bands reappear and the brown color of the solution turns dark red. All spectroscopic observations were made with a Zeiss pocket spectroscope equipped with a wave length scale. The spectra to be compared were examined simultaneously with the aid of the comparison prism.
The absorption spectra of oxyerythrocruorin (Lumbricus) and human oxyhemoglobin appear to be identical. In accordance with some observations of Anson et al. (4) we found the ferricompound of Lumbricus erythrocruorin different from human ferrihemoglobin insofar as the band in the red is not at 640 mt~, but at 645 mt~ (50 ]kngstrom units farther towards the long wave region). At pH 5 it can be shifted by the addition of sodium fluoride to the same position as ferrihemoglobin of man, namely to 610 m~. As contrasted to vertebrate ferrihemoglobin however, the band is not intensified and sharpened by this procedure, but remains blurred.
The oxidation of a purified solution of oxyerythrocruorin by dyes of various oxidation-reduction potentials was studied. Because many of these dyes absorb light in the same region as ferrihemoglobin, it is difficult or sometimes even impossible to see the ferrihemoglobin band, if formed, with the technique described. In general one may say qualitatively that the pigment is oxidized by the same reagents as hemoglobin, for instance gallocyanin and 2,6 dibromophenol-indophenol produce ferri_hemoglobin as well as ferrierythrocruorin in phosphate buffer at pH 7.5. It may be mentioned here that the oxy-bands of Lumbri~us erythrocruorin persist partially even when an excess of potassium ferricyanide is used. Even dilute solutions of erythrocruorin in water are quite opalescent. Therefore, owing to light scattering, the band of ferrierythrocruorin at 640 mg is difficult to observe before a large percentage of the chromoprotein is converted to the ferric stage.
In all cases studied, the behavior of a sample of human hemoglobin in phosphate buffer was investigated under identical conditions. The ferribands were identified by shifting them with fluoride to 610 m/z, and by observing their intensification and sharpening by this treatment.
After shaking a solution of oxyerythrocruorin (prepared by ultracentrifugation) at pH 7.5 in phosphate buffer and 25°C. for 24 hours in air, no ferrierythrocruorin could be detected. When a solution of pure oxyerythrocruorin (in phosphate buffer at pH 7.5), prepared by ultracentrifugation, was shaken for 14 hours at 37°C. the respiratory protein was denatured and showed a greenish gray color. That Lumbricus erythrocruorin is none the less unable to form a "green hemoglobin" of the kind described by Lemberg and others was shown by the following experiments:
Erythrocruorin was dissolved in secondary phosphate and potassium cyanide was added to the mixture. The system was then aerated. Whereas chicken hemoglobin under identical conditions turned greenish and showed a band at 615 m~, no green product was formed by Lumbricus erythrocruorin, and no band appeared at 615 m~.
To 5 cc. of a solution of chicken hemoglobin in secondary phosphate 2 mg. of ascorbic acid were added; the pH of the mixture was 7.8. Through this solution, as well as through a correspondingly prepared mixture containing erythrocruorin, air was bubbled for 24 hours at room temperature. No color change took place in the erythrocruorin solution, but the solution of chicken hemoglobin turned greenish and showed a band at 615-620 m#. The erythrocruorin solution gave a strongly positive hemochromogen test. No ferrierythrocruorin band was detectable, even after addition of sodium fluoride at p H 5.
A solution of pure oxyerythrocruorin in phosphate buffer at p H 7.5, was treated with CO and the spectrum of carbon monoxide erythrocruorin was compared with that of a solution of human carbon monoxide hemoglobin. The spectra were found to be identical. The readings for the maxima were:
Addition of sodium hydrosulfite did not influence the spectrum. It is worth mentioning that the carbon monoxide compound of Lumbricus erythrocruorin does not differ appreciably in color from the oxycompound in contrast to the corresponding vertebrate hemoglobin compounds. The chromoprotein, after being filtered through Filter-Cel, can be adsorbed on aluminum hydroxide at p H 5 and eluted at p H 8. The adsorption of the pigment is only of advantage if purified extracts are used, because a yellow pigment present in crude extracts is adsorbed as well. This pigment remains in the supernatant fluid when the erythrocruorin is sedimented from crude solutions.
Attempts to crystallize Lumbricus erythrocruorin by treating solutions of the highly purified pigment (prepared by ultracentrifugation) with ammonium sulfate of various concentrations or with solutions of cadmium sulfate, failed.
2 drops of a concentrated solution of erythrocruorin, prepared by ultracentrifugation, were added to 1 cc. of phosphate buffer of various pH values. Between pH 3.7 and 5.4 precipitates appeared, the strongest one at pH 4.3. No precipitate was formed between 5.4 and 7.3. The isoelectric point determined by electrophoresis, according to Svedberg and Eriksson (5) , is at pH 5.28.
Erythrocruorin of Glycera dibranchiata Ehlers
Preparation.--The main blood vessels of the worm are opened near the head and the blood is collected. Each worm yields about 2 ec. of blood. The blood corpuscles are centrifuged off and washed twice with 0.9 per cent NaC1 solution at the centrifuge. Distilled water is added to the washed blood cells to obtain a volume three times that of the original blood volume. A few drops of ether are also added to enhance hemolysis. Repeated freezing and thawing of the corpuscles at -50°C. and +20°C. respectively failed to destroy all of the blood cells present. The addition of the ether caused most of the blood ceils to hemolyze, but a certain number remained intact. A similar behavior of the blood corpuscles of Ureckis caupo was reported by Red field and Florkin (6).
Additional amounts of the erythrocruorin may be obtained as follows. The bodies of the worms are minced, after bleeding, and the mass separated from the juice by submitting it to the same procedure used for the Lurabricus terrestris extract. A clear, red purified solution may be obtained by filtration of the extract through Filter-Cel.
Ultracentrifugation.--In this case quantity ultracentrifugation was not practical as a method of purification, since a preliminary run with the analytical centrifuge indicated a molecular weight which is smaller than that of vertebrate hemoglobin. This agrees with the finding of Svedberg (1) that the erythrocruorin of another Glycera species, viz., Glycera goesi, has a sedimentation constant of 3.5 (m.w. 34,000). A substance with such a molecular weight would require very long sedimentation times with a centrifuge of the type at our disposal. worth's schlieren scanning method (see Fig. 1 ) showed the presence of two major and of two minor protein components. According to qualitative spectroscopic observation~ the protein of the lowest mobility represented the ferroerythrocruorin, the protein with the next higher mobility was ferri- Isolation of Hemin.--For the preparation of hemin from Glycera erythrocruorin the procedure used by Warburg, Negelein, and Haas (7) for the preparation of Spirographis hemin was employed. 240 cc. of a solution of erythrocruorin (two times the original volume of the blood of about 60 worms) were dropped in a mixture of 12 liters of acetone and 120 cc. normal HC1. The denatured globin was filtered off and the acetone was removed by distilling under diminished pressure, at 35°C., until the crude hemin precipitated. It was dissolved in 30 cc. of hot propionic acid, and 15 cc. of hot HC1 (0.5 per cent) were added. The red hemin, which crystallized out, was dried in an evacuated desiccator over sulfuric acid. The yield was 62 mg. of hemin. Blood worm hemin crystallizes in a form identical with that of mammalian hemins.
Preparation of the Mesoporphyrin Dimethyl Ester of Glycera ttemin.--29.6 mg. of
hemin were dissolved in a mixture of 1.5 cc. HI (sp.gr. 1.7) and 7 cc. glacial acetic acid, and boiled for 1 minute following the procedure of Fischer and K6gl (8) . Mter cooling to room temperature the mixture was poured into 20 cc. of water containing sodium sulfite and sodium acetate. The porphyrins formed were extracted with ether. The mesoporphyrin fraction was extracted from the ether with 2 per cent HC1. After neutralizing with NaOH the mesoporphyrin was again taken up in ether. The ether solution was dried overnight with sodium sulfate and then evaporated at room temperature under diminished pressure. The mesoporphyrin crystals thus obtained were treated with 15 cc. of freshly prepared, dry methyl alcoholic HC1 for 24 hours. The methyl alcohol and HC1 were then distilled off under diminished pressure. The violet residue was taken up in a few cc. of chloroform and diluted with ether. From the chloroform-ether mixture the ester was extracted with HC1 (5 per cent), and, after neutralizing with NaOH, it was reextracted with ether. The ether was washed several times with water and allowed to stand overnight with sodium sulfate. It was evaporated under nitrogen. A violet, crystalline substance with a melting point of 212°C. 
Spectra of Glycera Erythrocruorin and Derivatives.--A solution of 0.2
per cent e r y t h r o c r u o r i n was c o m p a r e d with a 0.1 per cent solution of h u m a n hemoglobin. After addition of potassium ferricyanide both solutions showed the ferrihemoglobin b a n d at 640 m/z, which was shifted to 610 m/~ b y the addition of ~odium fluoride at p H 5 in p h o s p h a t e buffer. B o t h solutions showed identical b a n d s at 585 and 545 m#, after the addition of sodium hydrosulfite. T h e carbon monoxide c o m p o u n d s of h u m a n hemoglobin a n d Glycera e r y t h r o c r u o r i n showed identical absorption spectra:
I. 570 I I . 535 m/~. T h e ferrierythrocruorin showed a brown color, carbon monoxide e r y t h r o c r u o r i n was cherry red; both were similar in color to the corresponding hemoglobin compounds.
Rate of Dissociation of Oxyerytkrocruorins
These experiments were kindly performed by Mr. DuBois with the aid of his recording reaction meter (3).
As Roughton and Millikan (9) have shown, the rate of the spontaneous breakdown of oxyhemoglobin into oxygen and hemoglobin may be measured by introducing Na~S~O4 into the system. In this instance Na2S~O4 does not act as a reducer but it merely absorbs those O~ molecules which are liberated by the spontaneous dissociation. Consequently the observed rate is independent of the concentration of the hyposulfite (9) . In the present experiments the Na~S20~ concentration was 0.5 per cent in borate buffer.
A solution of human hemoglobin of 0.2 per cent Hb was used as the control. The actual concentration of hemoglobin during the reaction was 0.1 per cent. The solutions of worm hemoglobins used were matched by color with the human hemoglobin solution. For the human hemoglobin, when measured at 27°C. and at pH 8.37, the t~ value (= half time of reaction) was 0.027 second. The Lumbricus erythrocruorin was measured at 23°C. and at pH 8.0; the t~ value obtained here was 0.070 second. The solution was opalescent. The photographic record showed only a relatively small deflection. The Glycera erythrocruorin was measured at 28°C. and at pH 8.62; the t~ value obtained was 0.027 second; i.e., identical with that found for human hemoglobin.
Erythrocruorin of Nereis v#ens
The oxyerythrocruorin of this worm shows absorption bands identical in position with those of human oxyhemoglobin. Addition of potassium ferricyanide produces a ferricompound reacting in the typical fashion with fluoride. The carbon monoxide compound shows a spectrum identical with human carbon monoxide hemoglobin. The pyridine hemochromogen spectra of the two pigments are identical. The Nereis pigment was prepared in an analogous way as described for the erythrocruorins of Lumbricus terrestris and of Glycera dibranckiata, and was also purified by ultracentrifugation. The supernatant shows a dark, brown color. The red pellets obtained by ultracentrifugation dissolved readily in water.
DISCUSSION
The faculty to synthesize iron porphyrin compounds is found in unicellular organisms as well as in highly developed vertebrates. Even in animals which have hemocyanin as their respiratory pigment, heroin is present as an essential part of cytochrome (10) . Heroin occurs in certain respiratory pigments (hemoglobin, erythrocruorin), in myoglobin, in cytochrome c, and as the prosthetic group of catalase. The difference in the chemical and physical properties of these chromoproteins depends on the specific protein with which the hemin nucleus is combined, the number of heroin groups present in the molecule, and the character of their linkage to the protein part.
A mpkioxus lanceolatus contains no hemoglobin (11) and the Cyclostomata contain hemoglobin of a low molecular weight (1) . All other vertebrates, however, contain hemoglobin of the molecular weight of 68,000. Anson et aI. (4) have pointed out, that significant differences exist in the position of the bands of human hemoglobin and of that of the insect Ckironomus. These differences are to be attributed to the protein part of the molecule, since the prosthetic group of the Chironomus pigment is identical with protoheme IX (12) .
The worms are the only class of invertebrates, in which hemoglobin is widely distributed. Two types of hemin have been found in worms: the green-red Spirograpkis hemin and the red protohemin. The constitution of Spirograpkis hemin has been shown by Warburg and his coworkers (13) and by Fischer and yon Seemann (14) to be that of 1,3,5,8, tetramethyl-2 formyl,-4 vinyl porphin,6,7, dipropionic acid. It is very similar to hemin IX and is also derived from etioporphyrin III.
The present experiments show that the hemin of Glycera is identical with that of the vertebrates. The differences in chemical and physical chemical properties of the respiratory pigment of Glycera and that of the vertebrates must therefore be attributed to the protein part of the molecule.
By comparing the half time, t~, of dissociation as measured for human, Glycera, and Lumbricus oxyhemoglobin with the half time measured for hemocyanins of different molecular sizes, one finds in accordance with Millikan (15) , that the order of magnitude of the reaction is the same, even when the molecular size of the pigments is greatly different. It seems that the dissociation time of oxygenated respiratory pigments bears no relation to the structure of the prosthetic group of the molecule and is also independent of the living conditions of the species. Whether this is a general rule cannot be definitely stated before additional measurements on the dissociation rate of other respiratory pigments are available. 2. The heroin of the blood pigment of Glycera dibranchiata Ehlers was shown to be identical with that of vertebrate hemoglobin.
3. The dissociation rates of Glycera and human oxyhemoglobin were measured in the reaction meter of DuBois and ~ (half time of the reaction) was found to be identical (0.027 second) for the two pigments. The ts0 value for the high molecular Lumbricus erythrocruorin was 0.070 second.
4. The chemical constitution and physical chemical properties of erythrocruorins were compared with those of vertebrate hemoglobin and of hemocyanin.
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